The effects of light and of added electron donors and sulfur compounds on sulfur metabolisms in the microbial mat dilutions from the saline meromictic Lake Kaiike were investigated. Sulfide concentrations in the mat dilution without any electron donor gradually increased by %0.6-1 mM in the dark. Additions of lactate, acetate, H 2 /CO 2 , propionate and iso-butylate stimulated sulfide production, whereas benzoate did not, indicating the limitation of sulfate reduction by available electron donor concentrations. More sulfide was produced, without a decrease of sulfate, in an elemental sulfur-amended dilution than in a non-amended control. In contrast, the addition of a high concentration of sulfide slowed down sulfide production. After enrichment under various conditions, microbial communities in the dilutions were characterized by a denaturing gradient gel electrophoresis of PCR-amplified 16S rRNA gene and sequencing. As a result, microorganisms affiliated with mesophilic sulfate-reducing bacteria group within the Deltaproteobacteria and the Epsilonproteobacteria were mainly enriched by the addition of electrons used in this study, suggesting that these microorganisms might play an important role in sulfur metabolisms within the surficial sediment of Lake Kaiike.
Introduction
Lake Kaiike is a small saline meromictic lake along the shore of Kamikoshiki Island, southwestern Japan. In the water column of this lake, a permanent oxic-anoxic boundary has been observed at about 4.5 m, which was densely populated by anoxigenic sulfur phototrophs [1] [2] [3] [4] . Below the oxycline, the lake is dominated by an anaerobic microbial ecosystem. In anaerobic sulfate-rich environments, sulfur compounds are the major electron carriers for anaerobic microbial metabolisms [5] . Sulfate reduction is the most important process in the degradation of organic matter in marine sediment [6] . The metabolisms of sulfate-reducing bacteria (SRB) are versatile in their utilization of sulfite, thiosulfate or elemental sulfur as alternative electron acceptors [7] and in their disproportionation [8, 9] . The oxidation of sulfide, elemental sulfur or thiosulfate, on the other hand, is carried out by phototrophic purple and green sulfur bacteria, without oxygen and in the presence of light [10] . Thus, the most important environmental factors affecting sulfur metabolisms in this lake are likely to be the availability of electron donors for sulfate-reducing bacteria [11] and of light for phototrophic sulfur bacteria [12] .
In a previous investigation, multilayered microbial mats have been observed in the sediment surface of the lake [2] [3] [4] . Our analysis of 16S rRNA revealed that gram-negative sulfate-reducing bacteria, the epsilon subclass of the Proteobacteria (Epsilonproteobacteria), and the phylum Chloroflexi were the prominent bacterial components in this microbial mat [3, 4] . In addition, 16S rRNA derived from a physiologically novel type of green sulfur bacteria was significantly detected in the anoxic water and on the surface of the microbial mat, indicating the accumulation of this organism. Microorganisms forming this mat should largely contribute to the anaerobic biogeochemical cycles in the lake.
This study aimed to determine what are the key substrates for sulfate-reducers and which bacteria contribute to sulfur transformations in the mat system. The combination of enrichment under defined conditions and the phylogenetical characterization of the bacterial species composition is very effective in determining culture requirements. Therefore, we investigated the effects of various added electron donors and sulfur compounds (elemental sulfur and sulfide) on sulfur transformations in the sediment dilutions. The microbial components in the amended dilutions were characterized by a denaturing gradient gel electrophoresis (DGGE) of PCR-amplified 16S rRNA gene fragments.
Materials and methods

Sampling site and procedures
Lake Kaiike, located on the seaward-side of Kamikoshiki Island, southwestern Japan, has a surface area of 0.15 km 2 and a maximum depth of 11 m. Sampling was carried out at the central, deepest and anaerobic portion of the lake on March 13 and June 3, 2003. Large sediment cores (12 cm in diameter and 50 cm in length) were collected using a core-sampler (Type MT-2, Rigosya, Tokyo, Japan). All cores were then transported to the laboratory in an ice-cooled box. The concentrations of sulfide, elemental sulfur and sulfate were 1.54-2.35 mmol l À1 , 1.92-4.62 mmol l À1 sed. and 20.0-22.5 mmol l À1 , respectively, in the top of the sediment [3] . The concentrations of nitrate, nitrite, dissolved iron and manganese were under the detection limits (0.8-9 lM) [3] . Detailed descriptions of sampling site, sample characteristics and physicochemical properties of the water and sediment have been presented in previous reports [2] [3] [4] .
Preparation and sampling of sediment dilution microcosms
An anaerobic slurry (mixed sediment and filtrated overlying water in the ratio 30:100 [vol/vol] of the top 5 cm of the sediment was prepared under anaerobic conditions. Overlying water was filtrated with a sterilized bottle cup, 0.22-lm pore filter (Falcon 7105, Becton Dickinson & Co., Oxnard, CA). The slurry was aliquoted in 10-ml portions into 50-ml serum bottles with 40 ml of filtrated overlying water and closed with butyl rubber stoppers (final dilution; mixed sediment:filtrated water = 1:21.7). The treatments are described in Table 1 . Stock solutions of acetate, propionate, lactate, iso-butyrate and benzoate were prepared by the method of Widdel and Bak [13] , and then anaerobically inoculated to the sediment dilutions. Sulfur slurry was added in excess (ca. 1 mg per 50 ml dilution) with a sterile spatula. Flowers of sulfur were moistened by shaking with distilled water according to the method of Widdel and Pfennig [7] . Neutralized sulfide solution was prepared by the method of Pfennig and Trü per [14] , and its concentration was determined by the colorimetric methylene blue method [15] . Killed control was prepared by autoclaving at 121°C for 20 min. Monitoring of sulfide concentrations was conducted by a single measurement.
The dilutions were incubated under the light of an incandescent lamp [ca. 50 lE m 2 s À1 measured by a portable radiation sensor (Li-Cor 400-700 nm, Type SA, Lincoln, NE)] or in the dark at in situ temperature (20°C ), and mixed each day. Sampling was carried out at 2-to 12-day intervals. A total of 500 ll of dilution samples was fixed with 500 ll of 20% zinc acetate solution and then stored at À20°C until measurement of sulfide, elemental sulfur, sulfate and chloride. Sulfide concentrations were measured by the methylene blue method [15] . Elemental sulfur was measured as S 8 using the HPLC system (Waters, Milford, MA) according to Zopfi et al. [16] . Sulfate and chloride concentrations were simultaneously determined with an ion chromatograph (DX-120, column: AS4A, Dionex, Sunnyvale, CA) after a 100-fold dilution and filtration of fixed sample. Sulfate and chloride concentrations in the dilution were ca. 23 The samples in the screw-cap tubes were disrupted by bead beating after adding 0.6 ml of TE buffer, 0.6 ml of phenol-chloroform-isoamyl alcohol (25:24:1) and 30 ll of 20% sodium dodecyl sulfate. After centrifugation and collection of the supernatant, chloroform-isoamyl alcohol (24:1) and 30 ll of 20% sodium dodecyl sulfate were added and well mixed. Nucleic acid was then recovered by isopropyl alcohol precipitation, after which it was dried and resuspended in 30 ll of nuclease-free water. The concentrations of nucleic acids were measured with a spectrophotometer (GeneSpec III, Hitachi, Tokyo, Japan).
A total of 10-50 ng of genomic DNA was subjected to PCR-amplification, using the complement of probe EUB338 [17] with a GC-clamp [18] and 907r [19] as forward and reverse primers, respectively. The PCR conditions were those described previously [20] . PCRamplified 16S rRNA gene fragments were fractionated by DGGE, and DGGE partial sequences were determined [18] . Obtained sequences were checked for chimeras using the CHIMERA_CHECK program of the Ribosomal Database Project website [21] . The sequences were submitted to the Advanced BLAST search program [22] in order to find closely related sequences and to then determine their phylogenetic affiliation. A phylogenetic tree was constructed based on a maximum persimony analysis of the dataset in the ARB program package [23] . Partial sequences (>400 bp) of the DGGE bands were added to an alignment of about 25,000 homologous 16S rRNA genes using an aligning tool.
Nucleotide sequence accession numbers
The partial rRNA gene sequences have been deposited in the GenBank, EMBL and DDBJ nucleotide sequence databases under Accession Nos. AB154483 to AB154517.
Results and discussion
Effects of various additional electron donors, molybdate and light irradiation on sulfur metabolisms in microbial mat dilutions
Sulfide and sulfur concentrations as well as and sulfate/chloride indices were monitored in the electron-donor-amended dilutions and light-irradiated dilutions, as shown in Table 1 . The changes in the sulfide concentrations were opposed to the changes in the sulfate/chloride indices in the dark ( Fig. 1(a) and (b)). In the nonamended dilutions (N DM ), the sulfide concentration and the sulfate/chloride index remained levels at %2 mM and 0.044, respectively, after 15 days ( Fig. 1(a) ). This could be due to the depletion of the electron donors for sulfate reduction, because very high concentrations of sulfide were formed by the addition of electron donors in the dark ( Fig. 1(b) and (f)).
Light irradiation (ca. 50 lmol m À2 s À1 ) suppressed sulfide production in both non-amended and acetateamended dilutions, and the order of sulfur transformations in both dilutions was similar ( Fig. 1(c) and (d) ). Sulfide was rapidly depleted after about 10-day incubation, concomitant with an increase in elemental sulfur. Elemental sulfur concentrations then gradually decreased with increase in the sulfate/chloride indices. These results indicated a two-step-oxidation of sulfide to sulfate via elemental sulfur by phototrophic sulfur bacteria. They generally photooxidize sulfide to elemental sulfur and then oxidize elemental sulfur to sulfate when sulfide is limited. In the non-amended dilution, the sulfide concentrations and the sulfate/chloride indices became stable after a 20-day incubation, indicating that sulfate reduction balanced with sulfide photooxidation. On the other hand, in the acetate-amended dilution, the sulfide concentrations increased after a 20 days, concomitant with a decrease in the sulfide/chloride indices, indicating that sulfate reduction exceeded sulfide photooxidation due to excess of electron donor for sulfate reduction. In the molybdate-amended dilution, sulfide concentration slightly decreased in the dark, but was rapidly depleted by light irradiation (Fig. 1(e) ). The syntrophic relationship between sulfide producers and anaerobic phototrophic sulfur oxidizers was demonstrated using sediment dilutions from the environmental samples as reported elsewhere, using mixed cultures [24] . Light intensity in this experiment, however, was much higher than in situ, since that in the bottom layer of Lake Kaiike was almost negligible at a very low level of (at most) 0.01 lmol m À2 s À1 measured in November 2002 [3] . Light intensity is an important environmental factor in determining the community structures of anaerobic phototrophic sulfur bacteria, since alterations in their physiological properties (e.g., growth rate, sulfide oxidation rate and bacteriochlorophyll synthesis rate) by light intensity were different, not only between purple and green sulfur bacteria [12] but also among strains [25] . Thus, monitoring the sulfide concentrations during incubation under low light intensity would allow a better understanding of the effect of light irradiation on in situ sulfur metabolisms in the microbial mat surface.
Additions of lactate (L DM ), acetate (A DM ), H 2 + CO 2 (H DM ), propionate (P DM ) and iso-butyrate (I DM ) significantly stimulated sulfide production in the dilutions, but benzoate (B DM ) did not ( Fig. 1(b) and (f) ). In particular, the L DM , A DM and H DM revealed a more rapid increase in sulfide concentrations than other electron donors, indicating that these electron donors were more favorable to sulfate/sulfur-reducing bacteria in the microbial mat surface. This result is corroborated by a previous fatty-acid analysis of the pore water, demonstrating that acetate and lactate were detected at their highest concentrations of 33.6 and 5.4 lmol l À1 , respectively, in the microbial mat surface, and that they steeply declined with depth [3] . Thus, sulfate reduction in the mat surface might be controlled by the concentrations of electron donors for sulfate-reducing bacteria in constant temperature and non-sulfate-limiting environments, as also reported in other studies [11] .
Effects of added elemental sulfur and high concentrations of sulfide on sulfur metabolisms
Sulfide concentrations and the sulfate/chloride indices were monitored after the addition of elemental sulfur or sulfide (Fig. 2) . Sulfide concentrations in the nonamended and amended dilutions increased (Fig. 2(a)-(d) ), but that in the killed control slightly decreased (Fig. 2(e) ). This slight decrease in sulfide in the killed control might be caused by chemical reactions and abiogenic absorption into the biomat matrices as well as the molybdate-amended dilution ( Fig. 1(e) ). Sulfide can chemically react with elemental sulfur to form polysulfides [16] . At the end of the experiment, more sulfide was produced in the dilutions E DJ and S 3J than in the non-amended control (N DJ ), though we could not determine whether there were significant differences among them due to the lack of replications.
Sulfate concentrations were estimated from the sulfate/chloride indices, assuming that chloride concentra- ratios were 0.94 (N DJ ), 9.3 (E DJ ), 2.8 (S 3J ) and 1.2 (S 3J ), indicating that sulfide production largely depended on sulfate reduction in the non-amended dilution. On the other hand, the S 2À =SO 2À 4 ratio in the dilution with elemental sulfur was obviously higher than others, suggesting that more sulfide might be produced by other metabolisms such as sulfur reduction and disproportionation. Widdel and Hansen [26] have reported that growth of many sulfate-reducing species is inhibited by sulfur, because elemental sulfur as an oxidant shifts the potential of redox couples in medium and cells to unfavorable, although sulfur reduction (CH 3 [9] demonstrated that the disproportionation of S 0 is promoted by iron and manganese due to abiological removal of the H 2 S produced. In Lake Kaiike, however, dissolved iron and manganese were under the detection limit. Measurement of participated iron and manganese is necessary, because dissolved iron participates by rapid chemical reaction with dissolved sulfide. The mechanism of stimulation of sulfide production by elemental sulfur addition could not be deduced from this experiment. More precise measurements and monitoring of other sulfur intermediates (sulfite, tetrathionate and thiosulfate) would be necessary for further understanding of the effect of elemental sulfur on sulfur metabolisms in the microbial mat of Lake Kaiike.
In the sediment of Lake Kaiike, sulfate reduction rates (SRRs) below ca. 10 cm were very low (<50 nmol ml À1 d À1 ) compared to those in the surface (2300-4600 nmol ml À1 d À1 ), although acetate and sulfate were still present at levels of about 10 lmol l À1 and 18 mmol l À1 , respectively [3] . Franzmann et al. [27] reported that sulfate reduction was suppressed by a high concentration of sulfide in Antarctic lake sediment. We therefore speculate that low SRRs in the deep sediment of Lake Kaiike are attributable to the inhibition of sulfate reduction by high concentrations of sulfide (up to 3500 lmol l À1 ), especially under low fattyacid-concentration conditions. In order to validate this speculation, the effect of high concentrations of sulfide (final concentrations of %3 and 5 mmol l À1 ) on sulfide production in the dilution was investigated (Fig. 2(c)  and (d) Figs. 1(a) and (b) . Presumably, excess electron donors might stimulate the reaction of sulfate reduction. The concentrations of fatty acids as electron donors for intrinsic microorganisms in the sediment depend on the balance between the production and consumption rates of those fatty acids [28] . Thus, acetate was accumulated in the deep sediment, where the concentrations of sulfide were high due to an excess production of acetate over consumption by suppressed sulfate reduction activities. In the top of the sediment, acetate concentrations and SRRs were high due to the continuous supply of organic compounds from the overlying water.
PCR-DGGE analysis of bacterial communities enriched under various conditions
In order to determine bacterial species compositions in mixed cultures enriched under certain conditions (Table 1), a DGGE of PCR-amplified 16S rRNA genes retrieved from enriched cultures at the end of our experiment was carried out, followed by sequencing and phylogenetic analysis (Figs. 3 and 4) . Several prominent DGGE bands were observed in the individual lanes, indicating that specific microorganisms were selectively enriched either by light irradiation, electron donor addition, or both. Most sequences of the DGGE bands determined in this study were affiliated with the dissimilatory gram-negative sulfate-reducing bacteria group within the Deltaproteobacteria and with the Epsilonproteobacteria (Fig. 4) .
and L-D-2), whose sequences were closely related to Desulfovibrio hydrothermalis (>97% sequence similarity), were recognized most frequently in the various treatments (N DM , N LM , A DM , A LM , H DM and L DM ). D. hydrothermalis was isolated from hydrothermal vents and utilized H 2 /CO 2 , lactate, formate, ethanol, cholin and glycerol as electron donors. Although clones related to this bacteria were also retrieved from N DM , N LM , A DM and A LM , they might grow depending on syntrophy with other microorganisms that were generally observed among anaerobic metabolisms such as interspecies H 2 -transfer. Most anaerobic phototrophs and respirators are also capable of H 2 -yielding fermentation [29] .
The sequences N-D-3, N-D-4, A-D-1 and A-D-2 were affiliated with the genus Desulfobacter, which were acetate-oxidizing sulfate-reducing bacteria. The sequences N-D-3 and A-D-1 were closely related (>96% similarity) to that of Desulfobacter curvatus DSM 3379 [30] . The sequences N-D-4 and A-D-2 were most similar to those of Desulfobacter sp. BG8 and D. halotolerans [31] , with 98.4% and 98.5% similarity, respectively. All sulfate-reducing bacteria related to those clones were isolated from marine mud and sediments. Acetate-oxidizing sulfate-reducing bacteria were not recognized under light conditions, since anoxigenic phototrophic bacteria such as Chlorobium phaeovibrioides (N-L-1) and Marichromatium pupuratum (A-L-4) might outcompete acetate-oxidizing sulfate-reducing bacteria by their photoassimilation of acetate [32] . The sequences P-D-1 and P-D-2 were closely related to Desulfobulbus mediterraneus [33] and Desulfobacterium niacini [34] , with 96.7% and 98.0% similarity, respectively. Both strains can utilize propionate. In the benzoate-amended dilution (B DM ), the faint DGGE bands (B-D-2, B-D-3 and B-D-4) matching sequences affiliated with the genera Pelobacter and Desulfuromonas within the Deltaproteobacteria were recognized, except for a prominent DGGE band (B-D-1), whose sequence was affiliated with the Epsilonproteobacteria. Most microorganisms within the genus Pelobacter show fermentative growth [35] , and Desulfobacterium thiophila, most closely related to B-D-3, can not utilize benzoate [36] . Since no members recognized in the dilu- Table 1 . Lane M, amplified 16S rRNA genes derived from Desulfobulbus propionicus (Dbp), Desulfococcus multivorans (Dcm) and Desulfovibrio vulgaris (Dvv), was used as markers.
tion B DM utilized benzoate, their metabolisms under this condition are of interest.
The Epsilonproteobacteria were notably observed in a PCR-DGGE analysis of the following dilutions: N DM , M DM , H DM , I DM and B DM. The sequences H-D-3 and H-D-4 were affiliated with the Sulfurospirillum group, which acted as sulfur reducers with hydrogen, formate, acetate, propionate, lactate, etc., as electron donors under anaerobic conditions [37] . Sulfurospirillum also shows fermentative and microaerophilic growth [37] . The sequences N-D-1, H-D-1, H-D-2 and I-D-1 were affiliated with the Arcobacter group, whose isolates were Fig. 4 . Phylogenetic affiliations of partial 16S rRNA gene sequences (Escherichia coli number: 338-907) of DGGE fragments retrieved from enriched microbial mat dilution mesocosms under various conditions. Clone names such as A_D_1 indicated enrichment conditions (amended electron donor, light condition). Clone designated by *w, *s or *ws were previously determined from water, sediment or both samples of Lake Kaiike [3] . The scale bar represents an estimated 10% divergence. Identification of DGGE bands was shown in Fig. 4 . Epsilonproteobacteria and Chlorobiaceae are divided into some groups according to Corre et al. [45] and Alexander et al. [46] , respectively. * non-SRB.
suggested by several studies to oxidize sulfide under microaerophilic conditions [38, 39] . Although most isolated Arcobacter strains have been cultured under microaerophilic or nitrate-reducing conditions, we obtained clones affiliated with the Arcobacter cluster under obligate anaerobic conditions without nitrate. There is, however, one report suggesting the anaerobic oxidation of sulfide to elemental sulfur, with fumarate being converted to succinate [40] . The sequences N-D-2, M-D-1, M-L-1, I-D-2 and B-D-1 were affiliated with a cluster consisting of uncultured bacterial clones retrieved from deep-sea hydrothermal vent environments. It is noteworthy that there are potential similarities between these deep-sea vent strains and the mat enrichments investigated in this study (Fig. 4) , though both environmental settings are different. Most Epsilonproteobacteria isolated to date from deep-sea hydrothermal sediments have been considered to belong to the sulfur cycle by either reducing elemental sulfur to sulfide, oxidizing sulfide to sulfur, or both [41] [42] [43] [44] . Furthermore, many of them are able to utilize H 2 as electron donors. These bacteria may therefore be essential contributors to the sulfur cycle in the microbial mat of Lake Kaiike.
Another notable result in the DGGE analysis of the enrichment cultures was the finding that sequences obtained from the dilutions enriched by various electron donors hardly corresponded to those before enrichment. Only the sequences of bands H-D-1 and N-L-1 were almost identical to those of 18s and 24ws, respectively, as determined in a previous work [3] (Fig. 4) . These results indicate the existence of well-known biases associated with the conventional culture-dependent approach, i.e., minor populations in the natural samples were preferentially recovered under laboratory conditions. Probably, r-strategists, which dominate in habitats with abundant resources and non-crowded conditions, tend to be enriched in the presence of the high concentrations of electron donors rather than K-strategists, which grow well under nutrient-limited and crowded conditions. Although the potential coexistence of sulfate-reducing bacteria and the Epsilonproteobacteria and their phylogenetic compositions in the microbial mat could be indicated, enrichment by continuous supply of low concentrations of electron donors would allow us to understand more of the intrinsic microbial sulfur transformations in the mat system.
